The group A streptococcus (GAS), or Streptococcus pyogenes, continues to be a cause of major morbidity and mortality throughout the world. Rheumatic fever, a postinfectious sequela, is the leading cause of acquired heart disease in young people in developing countries. In addition to the resurgence of acute rheumatic fever (36, 37) , an increase in the incidence of GAS bacteremia and streptococcal toxic shock syndrome has recently been described (35) . Recent publicity generated in response to several cases of necrotizing fasciitis and the fact that the incidence of severe GAS diseases is increasing have suggested an increase in the virulence of GAS (18, 35) . Renewed interest in GAS disease has stimulated efforts to define the roles that different virulence factors play in pathogenesis of streptococcal diseases.
M protein is a fibrillar, coiled-coil structure, anchored in the cell wall and extending from the surface of the streptococcus (14, 33) . M protein has been considered to be the major virulence factor of GAS (20) . M protein-positive strains survive and replicate when incubated in whole blood, whereas M protein-negative strains are readily killed. This property has become a functional definition of an M protein-producing strain. Antibodies directed to the N-terminal portion of the M molecule opsonize M protein-positive strains, rendering them sensitive to phagocytosis. Clinical isolates of GAS almost always produce M protein, and patients recovering from streptococcal infections have anti-M protein antibodies (33) . M protein-rich strains often appear mucoid, although Wilson showed that the mucoid colony morphology is a function of capsule production and not of M protein (41) . The observation that spontaneous variants of GAS lose M proteins and convert from mucoid to nonmucoid colonies, and that passage through mice restores M protein expression and leads to recovery of mucoid appearance, suggests that these two virulence factors may be jointly regulated by environmental signals. Transcription of emm is regulated by the product of the mga gene (previously called mry or vir), but capsule expression appears not to be (5, 7, 24, 29) .
Polysaccharide capsules have been shown to facilitate survival of many pathogenic bacteria by interfering with antibodies, complement, and phagocyte-mediated host defense mechanisms (4) . Mucoid or highly encapsulated strains of GAS have been implicated as causing unusually severe infections and have been associated with outbreaks of acute rheumatic fever (22) . The GAS capsule is composed of hyaluronic acid, a linear polymer of glucuronic acid and N-acetylglucosamine repeating units. The genetic locus responsible for hyaluronic acid synthesis (has) is composed of at least three genes, hasA, hasB, and hasC, which form an operon. The first gene in the operon, hasA, encodes hyaluronate synthase (11, 12) ; the second gene, hasB, encodes UDP-glucose dehydrogenase (13) ; and the third gene, hasC, possesses sequence homology to UDP-glucose py-rophosphorylase (9) . Both encapsulated and unencapsulated strains of GAS possess intact has loci, and it appears that the expression of the hyaluronic acid capsule is transcriptionally controlled (9) .
Previous studies of strain TX72, an unencapsulated Tn916-derived mutant in which hasA was interrupted (39) , provided evidence that the hyaluronic acid capsule served an important virulence function. TX72 had reduced virulence in mice compared with the wild-type parent strain 282, a mucoid M protein type 18 strain, although TX72 produced a similar amount of M protein as the parent strain did (40) . To assess the relative contribution to virulence of M protein and the hyaluronic capsule, we inactivated emm18 both in strain 282 and in its acapsular mutant TX72. Examination of the mutants in opsonophagocytic assays in vitro suggested that although M protein was the major determinant of growth in whole blood, the capsule was more important in resistance to phagocytosis in 10% serum and in virulence of GAS in a mouse infection model.
MATERIALS AND METHODS
Bacterial strains and media. The mucoid M protein type 18 GAS strain 87-282 (herein called strain 282) and its Tn916-derived acapsular mutant, TX72, were described previously (39, 40) . Inactivation of emm18 in strains 282 and TX72 (see below) generated the mutants 282KZ and TX74, respectively. M protein type 1 GAS strain 049 (provided by Dennis Stevens) was isolated from a patient with streptococcal toxic shock syndrome. Strain 049(200i) is a mucoid mutant which was derived from strain 049 as described below. Escherichia coli DH5␣ (32) was used for molecular cloning experiments. GAS strains were grown in Todd-Hewitt broth (Difco, Detroit, Mich.) supplemented with 0.2% yeast extract (THY) or on solid medium containing THY, supplemented with 1.8% Bacto Agar and 5% (vol/vol) defibrinated sheep blood. E. coli was grown in Luria-Bertani broth (34) . Antibiotics were used at the following concentrations: erythromycin at 750 g ml Ϫ1 and ampicillin at 100 g ml Ϫ1 for E. coli; erythromycin at 1 g ml Ϫ1 and tetracycline at 5 g ml Ϫ1 for GAS. DNA techniques. Standard procedures were employed for plasmid cloning experiments (32) . Plasmid DNA was purified with Mini or Midi kits from Qiagen (Hilden, Germany). Restriction endonucleases and ligases were used as described in the manufacturers' directions.
Polymerase chain reactions (PCRs) were performed with a thermocycler (M. J. Research) as detailed elsewhere (23) . Briefly, for the cloning of emm18 and analysis of GAS transformants, a simple and a rapid procedure that allows the amplification of specific genes from relatively crude preparations of GAS wholecell lysates was used (17) . emm18 was amplified from strain 282 by use of all-M forward and reverse primers designed for the amplification of emm genes encoding M proteins of various serotypes (28) . To facilitate further manipulations, NotI sites were incorporated into all-M primers (F3 and R4) ( Table 1 ) and the amplified product was purified with a Wizard kit (Promega, Madison, Wis.). The purified product was digested with NotI and cloned into pGEM-5Zf (Promega), which was cleaved with the same enzyme. Clones were selected for ampicillin resistance, and one clone containing the appropriate plasmid size (pGEM5-M18) was chosen for further use. PCR analysis of pGEM5-M18 using primers F3 and R4 detected an amplified product of a size identical to that amplified from GAS strain 282 by use of the same primers. The DNA sequence of the 5Ј end of the insert in pGEM5-M18 was determined by automated DNA sequencing (Applied Biosystems) with primer F3. The sequence obtained for the first 200 nucleotides was 97% identical to that reported by Podbielski et al. for the 5Ј end of the emm18 gene and 99% identical to that reported by Dale et al. (10, 28) . For insertional inactivation of emm18 in GAS strains 282 and TX72, an EcoRV-HindIII 1-kb fragment of pGEM5-M18 containing a 5Ј segment of emm18 was cloned into the temperature-sensitive E. coli-streptococcus shuttle vector pJRS233 (25) to yield the plasmid pM18KZ (Fig. 1A) . This plasmid was introduced into strain 282 or TX72 by electroporation, and erythromycin-resistant transformants were isolated at the nonpermissive temperature (37ЊC) as described previously (25) . Growth of transformants at the nonpermissive temperature resulted in the integration of the plasmid through the emm18 homologous DNA sequences found on both the plasmid and the chromosomal DNA and in the formation of inactive emm18 alleles (see Results).
To confirm that integration occurred as depicted in Fig. 1A , a PCR analysis using the primers F3 and R4 and primers Ϫ20 (R5) and reverse (F4) of pUC (contained in pJRS233) was performed ( Table 1 ; Fig. 1 ).
For Southern hybridization analysis, chromosomal DNA was prepared from GAS strains following their growth in THY supplemented with 20 mM glycine, as described by Caparon and Scott (6) . Probes were labeled by the randomprimed DNA method using digoxigenin-11-dUTP (DIG)-tagged oligonucleotides (Boehringer Mannheim). Gel electrophoresis, DNA transfer to positively charged nylon membranes, hybridization, and detection of labeled bands by the DIG LumiPhos detection kit were performed as described in the manufacturer's instructions (Boehringer Mannheim).
The structure of the mga locus was determined by PCR analysis using the sets of primers designated in Table 1 and shown in Fig. 2 .
Conversion of the nonmucoid M protein type 1 GAS strain 049 to the mucoid derivative 049(200i) was achieved by transforming 049 with the plasmid pSAS200 and then integrating the plasmid into the chromosome. Briefly, this plasmid is a derivative of the plasmid pDY40 comprising a DNA insert containing hasA, hasB, and a 3-kb upstream segment derived from the strain 282 chromosome, a tetracycline resistance gene plus origin of replication derived from the plasmid pACYC184, and an EcoRI fragment of pJRS233 containing the erythromycin resistance gene and the temperature-sensitive origin of replication for grampositive bacteria (1) . Transformation of GAS strain 049 by pSAS200 and selection of erythromycin-resistant chromosomal integrants at the nonpermissive temperature were performed as described above. All resulting transformants were found to be highly mucoid. One such integrant, designated 049(200i), was selected for further study.
Determination of M protein. M protein was extracted by HCl treatment of bacterial cells as described by Lancefield (19) . Protein extracts were subjected to sodium dodecyl sulfate-11% polyacrylamide gel electrophoresis and transferred to a nitrocellulose filter. M protein was detected by use of purified rabbit antisynthetic-peptide antibodies directed against the common C-repeat M protein peptide, i.e., anti-SM5(265-291) (kindly provided by David L. Hasty, University of Tennessee).
Determination of hyaluronic acid capsule production. To determine the amount of hyaluronic acid capsule produced by each GAS strain, cells from a 10-ml exponential-phase culture were washed twice with water and then suspended in 0.5 ml of water. Capsule was released to the aqueous phase by adding 1 ml of chloroform and then shaking the mixture vigorously. After clarifying the sample by centrifugation, the hyaluronic acid content of the aqueous phase was determined by measuring absorbance at 640 nm after adding to the sample 2 ml of a solution containing 20 mg of
Sigma) and 60 l of glacial acetic acid in 100 ml of 50% formamide. Absorbance values were compared with a standard curve generated with known concentrations of hyaluronic acid (2, 16) .
Phagocytic assays. The ability of GAS strains to survive in the blood of a nonimmune individual was tested by the direct bactericidal test of Lancefield (21) : 600 l of freshly drawn heparinized human blood was mixed with 300 l of GAS grown to the exponential phase and diluted in THY to a concentration of 300 to 900 CFU ml Ϫ1 so that the final concentration of bacteria in the assay was approximately 100 to 300 CFU ml Ϫ1 . The mixture was incubated at 37ЊC for 3 h 
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with end-over-end rotation. Aliquots were plated for quantitative culture at the beginning and end of the 3-h incubation. Phagocytic killing of GAS in 10% human serum was assayed by the method of Baltimore et al. (1a) with modifications as described previously (40) , except that human serum was not absorbed with bacterial cells prior to use. Briefly, approximately 6 ϫ 10 6 bacterial cells from an exponential-phase broth culture were mixed with 6 ϫ 10 6 peripheral blood leukocytes and 10% (vol/vol) human serum, as a complement source, in 0.5 ml of Dulbecco's modified Eagle's medium. Phagocytic killing was calculated on the basis of quantitative cultures of 25-l aliquots withdrawn from the assay mixture immediately, and after 1 h of endover-end rotation at 37ЊC. Mean log kill for each strain was calculated on the basis of log kill values for each experiment. Mouse i.p. challenge model. Mouse lethality studies after intraperitoneal (i.p.) challenge with GAS were performed as described previously (40) . Briefly, female FIG. 1. Insertional inactivation of emm in strain 282. (A) emm18 was amplified by PCR from the mucoid strain 282 with primers F3 and R4. The M18 gene was inactivated by insertional mutagenesis with the EcoRV-HindIII fragment of the gene that lacks both the promoter and the 3Ј end, cloned into an E. colistreptococcus temperature-sensitive shuttle vector (pM18KZ). Transformation of wild-type mucoid strain 282 and its acapsular mutant, TX72, resulted in integration of the plasmid, interrupting the gene by a single homologous recombination, to generate the M protein-negative mutants 282KZ and TX74, respectively. The annealing locations of the primers F3, F4, R4, and R5, used for PCR analysis, are indicated. (B) Strain 282 and its mutants were analyzed by PCR.
. Primers F3 and R4 amplified a single product corresponding to the size of emm18 in the four strains. The all-M forward primer (F3) combined with the Ϫ20 primer (R5) residing on the plasmid pJRS233, and the reverse primer (F4) residing on the same plasmid combined with all-M reverse primer (R4), amplified no product in both M ϩ strains (lanes 1 and 3) . For the M protein-negative mutants (lanes 2 and 4), a single product of the expected size was amplified for the primer pairs F3-R5 and F4-R4.
ICR mice (six mice per group) weighing 20 to 30 g were injected i.p. with 10-fold dilutions of exponential-phase organisms. Mortality was determined 3 days after challenge. The 50% lethal dose (LD 50 ) was calculated (31) by pooling results of two to five independent experiments.
RESULTS
Inactivation of the gene encoding M protein in strains 282 and TX72. Inactivation of the emm18 gene in the highly encapsulated strain 282 and its acapsular derivative strain, TX72, was accomplished by integrational plasmid mutagenesis using pM18KZ (Fig. 1A) . This plasmid was constructed by cloning a 1-kb EcoRV-HindIII DNA segment coding for the 5Ј portion of emm18 into the E. coli-streptococcus shuttle vector pJRS233, which is temperature sensitive for replication in gram-positive bacteria (25) . emm18 was amplified by PCR using all-M primers (F3 and R4) that were constructed for the amplification of M proteins of various serotypes (28) . These primers take advantage of nearly identical sequences of emm genes at their 5Ј ends (consisting of the Shine-Dalgarno sequence and the two first codons of the gene) and at the 3Ј ends (consisting of the last five codons, the stop codon, and three nucleotides past the stop codon) (28) . Thus, the amplified EcoRV-HindIII segment lacked DNA sequences 5Ј to the coding sequence of the gene, including the promoter region and any potential upstream regulatory sequences. Transformation of 282 and TX72 by pM18KZ, followed by propagation of the transformants at the nonpermissive temperature with erythromycin selection, resulted in the integration of the plasmid via homologous recombination through the common EcoRV-HindIII segment, present on both the plasmid and the chromosome (Fig. 1A) . The integration created two truncated emm18 genes, one containing an intact upstream region of emm18 but lacking the 3Ј portion downstream of the HindIII site, and the other containing the complete emm18 coding sequence but lacking the upstream region including the promoter and any potential regulatory sequences. To confirm that pM18KZ had integrated at the expected site in the 282 and TX72 chromosomes, we performed PCR analysis (Fig. 1B) with three sets of primer pairs, F3-R4, F3-R5, and F4-R4 ( Table 1) . The regions to which each primer anneals are indicated in Fig. 1A . The F3-R4 pair amplified a single product of 1.45 kb in all strains (Fig. 1B) corresponding to the size of emm18. As expected for both of the M protein-positive strains, 282 and TX72 (lanes 1 and 3) , no amplified bands were visible when the last two pairs of primers were used. In contrast, for the M protein-negative mutants, 282KZ and TX74 (lanes 2 and 4), the last two pairs of primers amplified products of the expected sizes (Fig. 1B) . To reconfirm that pM18KZ had integrated at the expected site, we also performed Southern blot analysis. Chromosomal DNA of strains 282, 282KZ, TX72, and TX74 was digested with HindIII, HindIII-XhoI, and PvuII-XhoI and probed with a labeled EcoRV-HindIII DNA segment of emm18. The analysis detected the expected number of DNA fragments of the appropriate size (data not shown).
To map the emm gene cluster in strain 282, we used PCR analysis as illustrated by Fig. 2A . The primer pairs F1-R1 (lane 2), F2-R2 (lane 3), and F2-R3 (lane 4) generated bands with sizes of 1.8, 1.2, and 1.7 kb, respectively. This result is consistent with the presence of an enn gene located between emm and scpA (Fig. 2B) . Similar results were demonstrated recently for this strain by Bessen et al. (3) . PCR analysis of the mutants 282KZ and TX74 using the primer pairs F2-R2 and F2-R3 produced bands with sizes similar to those observed for strain 282, indicating that the enn18 gene was not disrupted by the insertional mutagenesis of emm18 (data not shown).
To demonstrate that strains 282KZ and TX74 lost their ability to express type 18 M protein, we examined Lancefield extracts from these strains by Western blotting using purified rabbit anti-synthetic-peptide antibodies directed against the common C-repeat M protein peptide [anti-SM5(265-291)]. As shown in Fig. 3 , the antiserum recognized the same pattern of bands in extracts of strains 282 and TX72. In contrast, no immunoreactive protein bands were observed in the extracts of mutants 282KZ and TX74. Similar results were obtained when we used an antibody raised against whole, killed M protein type 18 bacteria. In an Ouchterlony immunodiffusion gel using serial dilutions of M protein extracts and anti-M18 antiserum, a precipitin line formed between type 18 antiserum and protein extracts of strains 282 and TX72 up to a dilution of 1:8. No precipitin line was visible even for undiluted extracts of mutants 282KZ and TX74 (data not shown). These results indicate that strains 282KZ and TX74 harboring mutated alleles of emm18 did not express type 18 M protein on their surfaces. 
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Extracts of strains 282 and TX72 yielded similar amounts of M protein, which confirms previous observations that loss of capsule expression in strain 282 by Tn916 insertion does not reduce M protein production (40) . The amounts of cell-associated hyaluronic acid in the mucoid strain 282 and its emm18-inactivated derivative, 282KZ, were 52 and 53 fg per CFU, respectively. Strains TX74 and TX72 did not produce detectable quantities of hyaluronate (Ͻ0.5 fg per CFU). These results indicate that the inactivation of emm18 by the procedure described above did not affect the genes involved in the expression of hyaluronic acid capsule. No differences were found among the four strains in expression of group A carbohydrate or hemolysis on blood agar.
Relative contributions of the capsule and M protein to virulence of strain 282. The capacity of GAS strains to resist ingestion and killing by phagocytic leukocytes is thought to be an important correlate of virulence. A 3-h incubation of strain 282 in fresh human blood resulted in an average increase of from 39.7 to 625 CFU (Table 2) , corresponding to a mean 1.2-log increase (Fig. 4) . The M-positive, capsule-negative strain (TX72) increased from an average of 18.8 to 36.6 CFU. In contrast, the M protein-negative mutants 282KZ and TX74 decreased from an average of 32.8 and 28.8 CFU, respectively, to 1.3 and 14.5 CFU, respectively, or a decrease of 1.5 and 0.35 log, respectively (Fig. 4) . Poor survival of the M protein-negative mutants in human blood could not be ascribed to impaired growth in plasma, since both strains grew during a 3-h incubation in plasma without blood cells, although at slightly lower rates than that of strain 282 (0.82-mean-log increase for 282KZ and 1.2-log increase for TX74 compared with a 1.4-log increase for 282). It is possible that the slightly lower growth rate of 282KZ may account for the somewhat greater killing of this strain compared with that of TX74. In the whole-blood assay, the acapsular strain TX72 increased in number by 0.33 log, a 3-fold increase, compared with the 1.2-log or 16-fold increase for wild-type strain 282. The latter results are similar to those observed previously for strain TX72 (40) . Thus, in whole blood, the effect of capsule expression on GAS resistance to phagocytosis was less than that of M protein.
The capacity of the strains to resist killing was also assessed by using isolated human peripheral blood leukocytes and 10% nonimmune human serum as a source of complement rather than whole blood. Under these conditions, after 1 h of incubation, wild-type strain 282 increased in number from an average of 6.2 ϫ 10 6 to 1.95 ϫ 10 7 CFU (Table 3) , representing an increase of 0.43 log (Fig. 5) . The M protein-negative mutant 282KZ decreased slightly, from an average of 5.1 ϫ 10 6 to 3.9 ϫ 10 6 CFU, or a decrease of 0.23 log. In contrast, acapsular mutants TX72 and TX74 decreased from an average of 8.9 ϫ a Results are numbers of CFU per duplicate 100-l aliquots at time zero and after 3 h of incubation (mean Ϯ standard deviation of three experiments).
FIG. 4.
Resistance to phagocytosis of GAS strains in whole blood. Bars indicate log change in CFU after rotation for 3 h in fresh human blood (bars above the horizontal axis indicate net growth, while bars below the horizontal axis indicate net killing). The results represent the mean Ϯ standard error for three independent experiments for wild-type strain 282 (M 10 6 ) at time zero and after 1 h of incubation (mean Ϯ standard deviation of four experiments).
FIG. 5.
Resistance to phagocytosis of GAS strains in 10% human serum. Bars indicate log change in CFU after rotation for 1 h in 10% human serum (bars above the horizontal axis indicate net growth, while bars below the horizontal axis indicate net killing). The results represent the mean Ϯ standard error for four independent experiments for wild-type strain 282 (M ϩ , capsule ϩ ), mutant strain TX72 (M ϩ , capsule Ϫ ), mutant strain 282KZ (M Ϫ , capsule ϩ ), and mutant strain TX74 (M Ϫ , capsule Ϫ ). 10 6 to 3.7 ϫ 10 5 CFU and 8.3 ϫ 10 6 to 2.8 ϫ 10 5 CFU, respectively, representing decreases of 1.2 and 1.5 log, respectively (Fig. 5) . Phagocytic killing of the acapsular mutants was markedly reduced when the serum had been inactivated by heating at 56ЊC, indicating that active serum complement was required for efficient phagocytosis. These results are in contrast to those obtained in the whole-blood assay, in which M protein appeared to be the major determinant of phagocytic resistance; in 10% serum, the hyaluronic acid capsule, and not M protein, appears essential in conferring resistance to phagocytosis.
Previously, we showed that loss of capsule production was associated with an increase in LD 50 of approximately 2 orders of magnitude in mice challenged i.p. (40) . Similarly, in the present study, the LD 50 values for acapsular mutants TX72 and TX74 were 60-and 80-fold higher, respectively, than that for wild-type strain 282. By contrast, the LD 50 for M protein mutant strain 282KZ was only sixfold higher than that for 282 (Table 4) . These results suggest that the hyaluronic capsule is a major virulence determinant for strain 282 in the mouse model of lethal infection, while M protein appears to have a lesser role.
Expression of hyaluronic capsule in a nonmucoid GAS strain enhances resistance to phagocytosis. Results of in vitro assays of phagocytosis using isogenic acapsular mutants provided strong evidence that the hyaluronic acid capsule enhances resistance to phagocytosis. To extend these observations, we asked whether increasing the level of capsule expression in a poorly encapsulated wild-type isolate of GAS would confer resistance to phagocytosis. By integrating into the chromosome a plasmid containing the capsule synthesis genes from strain 282, the nonmucoid M1 strain 049 was converted to a high-level capsule producer. The resulting strain, 049(200i), formed mucoid colonies on blood agar plates and was shown to produce 35 fg of cell-associated hyaluronic acid per CFU, an amount similar to that produced by strain 282, compared with Ͻ10 fg per CFU for wild-type strain 049. In 10% human serum, the nonmucoid wild-type strain 049 was readily killed (mean decrease in CFU, 1.4 log), while the encapsulated strain 049(200i) was not (mean increase in CFU, 0.23 log). Thus, increased capsule expression rendered the organisms resistant to phagocytic killing.
DISCUSSION
Previous studies have provided evidence that both M protein and the hyaluronic acid capsule function to protect GAS from ingestion and killing by phagocytic leukocytes. In general, however, these two major surface molecules of GAS have been studied independently. The question remained unanswered, therefore, whether in an individual strain, M protein, capsule, or both served an antiphagocytic function. Studies of M protein in virulence generally have examined GAS strains rich in M protein but expressing unknown amounts of capsular polysaccharide. Conversely, studies of the hyaluronic acid capsule have used highly encapsulated strains in which the role of M protein in virulence has not been studied in detail. In the present investigation, we sought to dissect the antiphagocytic function and the role in virulence of these two important surface molecules in the background of a single strain.
Using three isogenic mutants deficient in capsule, M protein, or both, we were able to assess quantitatively the contribution of each molecule to virulence by comparison with the wild type, a highly encapsulated M18 strain. Results of in vitro opsonophagocytic assays indicated that M protein was the major antiphagocytic determinant in whole blood while the capsule was the more important factor in resistance to phagocytosis in 10% serum. The results support the view that both capsule and M protein participate in resistance to phagocytosis for an individual GAS strain and suggest that the relative importance of each may depend on the specific microenvironment within the host. During bacteremia, for example, survival and proliferation of GAS in the bloodstream appear to be highly dependent on M protein expression. At extravascular sites where plasma proteins are present at lower concentrations, such as the skin and soft tissues or on the pharyngeal mucosa, the capsule may play a greater role in resistance to phagocytosis and in virulence. This hypothesis is consistent with the results of previous studies demonstrating that the capsule was critical in persistent GAS colonization of the pharynx after intranasal challenge in mice (38) .
A further outcome of these studies was the observation that the behavior of the GAS strains in the whole-blood assay was not entirely predictive of the relative virulence of these strains in an in vivo infection model. The relative virulence of the strains in mice resembled more closely the pattern of resistance to phagocytosis of the strains in 10% serum rather than in whole blood. The whole-blood assay has been very useful as a functional test for M protein expression; however, results of the current studies suggest that measuring in vitro resistance to opsonophagocytosis in 10% serum may be a better method to predict virulence in vivo in a microenvironment where blood is not a major constituent.
The family of M-like proteins has recently been described in detail. These proteins have a role in binding serum immunoglobulins and may have some role in conferring resistance to phagocytosis (8, 30) . PCR analysis of strain 282 showed it to contain an M-like gene (enn18) located between emm and scpA (Fig. 2B) . The methodology used in the present study to inactivate M protein utilized a DNA fragment encoding the variable portion of the emm gene. This approach ensures that even in a strain containing M-like genes, only the M protein gene would be inactivated. Indeed, PCR analysis confirmed that enn18 was not interrupted in mutants 282KZ and TX74.
Since one of the two truncated emm18 genes in 282KZ and TX74 contains the promoter but lacks the 3Ј portion of the gene, it is possible that an amino-terminal fragment of M18 protein is formed but is secreted to the medium rather than anchored to the cell membrane. Such a protein could not be detected by Western blotting or Ouchterlony immunodiffusion of cell extracts. Since disruption in emm18 resulted in loss of resistance to phagocytic killing in whole blood, we may conclude that if such a protein is produced and secreted, it does not confer resistance to phagocytosis.
The focus of our study on characterizing the function of M protein and capsule in a single strain helps to establish the role of both molecules in virulence; however, it remains uncertain whether results obtained in the background of strain 282 can be generalized to other GAS isolates associated with human disease. It is likely that the biologic activities of M protein and capsule vary somewhat depending on the structure of the particular M protein expressed by a particular strain, the amount However, type 18 M protein binds fibrinogen poorly, and addition of fibrinogen to serum failed to enhance opsonophagocytosis of type 18 GAS in vitro (10) . Whether binding of other plasma proteins to type 18 M protein plays a role in phagocytic resistance in blood is not known. GAS strains vary widely with respect to capsule production: some express high quantities of the hyaluronic acid capsule and appear mucoid, while others express little or no capsule and appear nonmucoid. Since all isolates tested to date contain a conserved has operon (9), it is the degree of capsule expression which determines the particular strain morphology and influences its virulence. In the current investigation, we found that expression of increased amounts of capsule in the background of a poorly encapsulated type M1 strain enhanced resistance to phagocytosis. Together with previous work demonstrating a role for the capsule in pathogenicity of both type 18 and type 24 GAS (10), these findings provide further evidence that the capsule enhances virulence of diverse strains of GAS.
